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Abstract: The electromagnetically induced reflection (EIR) effect of graphene metamaterials has been investigated by finite

difference time domain (FDTD) method. In this study, a metamaterial sandwich structure composed of silica (Si0.), gold and

graphene on terahertz band is designed. By changing the width of the two ribbons of graphene length and the incident angle of

electromagnetic wave, the EIR effect of the structure is discussed, and it can be found that SiO, is a kind of excellent dielectric

material. The simulation results show that graphene metamaterial is not sensitive to polarized incident electromagnetic wave.

Therefore, such EIR phenomena as insensitive polarization and large incident angle can be applied to optical communication

filters and terahertz devices.
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0 Introduction

Electromagnetically induced transparency (EIT)M
is a kind of destructive interference between energy
levels in a three-level atomic system. It can induce
sharp transparent windows in the frequency
absorption region of the original opaque substance,
and has better slow light effect and frequency
selectivity., EIT phenomenon has been applied by
optical storage®’, sensing and switch devices®!. In
order to realize EIT in atomic system, the following
conditions have been needed: precise selection of
atomic energy level structure, two coherent light
sources with higher light intensity, and experiments
generally being carried out in a ultra-low temperature
environment with complex experimental devices.
These conditions limit its application in real life.

In recent years, the EIT effect has been introduced
into metamaterials because some difficulties have been
overcome and complex experimental conditions are

(). Therefore, the use of

realized in atomic systems
various metamaterial structures to simulate the EIT
phenomenon has become a new research focus™. At

present, graphene metamaterial has attracted the
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attention of researchers because of its ultra-thin and
tunable propertiest®™. Niu et al. studied a graphene-
based T-shaped array metasurfaces and obtained
tunable plasmon-induced transparency (PIT). By
using the coupled Lorentz oscillator model to analyze
the mechanism, it can be found that the PIT effect

D Liu et al.

with the angle of incident is insensitive
proposed a graphene metamaterial to realize analogue
of dual-controlled EIT effect.

the phase delay of the adjacent

By adjusting the
incidence angle,
graphene patches changed and thus the frequency as
well as the amplitude of transparency peak was
modulated. Some of the above results provide a good
reference for the realization of high-efficiency devices,
ultrashort pulse

modulators, switches,

buffers
[12]

such as

lasers, and modulators with graphene
material, etc.

Electromagnetically induced reflection (EIR)M*,
as a kind of EIT-like phenomenon, has potential
applications in sensing, optical communication and so
on, which has attracted much attention in recent
years. Liu et al. designed a dual-band infrared perfect

absorber for plasmonic sensor based on the EIR-like
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effect'™, He et al

metamaterial

investigated graphene-based

featuring a dynamically tunable

terahertz EIR, and the result can be applied to

U510 Jiang

et al studied dynamic adjustable EIR in terahertz

modulators, switches and slow light devices

complementary graphene metamaterials, By changing
the Fermi energy of graphene, the reflection window
can be actively controlled, and the large positive

group obtained in the reflection peak can be tuned in a

[16]

wide terahertz region'™. However, most researchers

pay attention to the realization of EIR, but pay less
EIR which is

attention to the insensitive to

polarizationt "¢,
In this

metamaterial on silicon-gold structure and analyzed

study, we designed the graphene
the reflection spectra by finite difference time domain
(FDTD) method. The length and width of graphene
strips were changed to discuss the EIR effect. The
show that the

polarization

obvious
This

characteristic can be widely applied to many fields,

results structure has

insensitive EIR phenomenon.

such as sensors, filters and terahertz devices.

1 Model and design

To study EIR effect in the structure, reflection of
the structure at normal incidence is analyzed, as
shown in Fig. 1.

'
N

(b) Side view

p
(a) Front view

Fig. 1  Unit cell of composite multilayer metasurface made by
graphene-SiO; -Au with geometric parameters
In Fig. 1, 4,=2.9 pm, [,=1.19 pm, w=0.6 pm,

p=4.4 pm, z;=1 pm, 2, =4 pm, z; =1 nm. The
structure consists of three layers: a metallic plane
layer on the bottom., a dielectric layer, and a layer
with graphene strips. At the bottom of the substrate,
the all-gold ground plane is at the bottom of the
structure whose transmission is zero. As can be seen
from Fig. 1, 2, 2, and z; are the thicknesses of gold,
the dielectric

flexible dielectric can be chosen as SiO,, which is an

and graphene, respectively. The

ideal substrate material for graphene, here taking the

relative permittivity of the SiO, dielectric e = 3. 9.
Fig. 1 shows a horizontal graphene of length Z, with
attached vertical graphene strip (T-shape) interacting
with disconnected vertical graphene strip of length /4.
Assuming that the distance from horizontal graphene
to the center of the unit structure is s, the periodic
structures are illuminated by a normally incident
plane wave and the incident angle of its electric field
with respect to the z-axis is defined as 0 (see
Fig. 1(b)), and perfectly matched layers (PML) are
applied along the z direction and periodic boundary
conditions in the x and y directions, the effective

permittivity e, of the graphene can be written as''"

6 = 1+, , (D
Eowz 3
where 23 is the thickness of graphene sheet, ¢, is the

permittivity in the vacuum, o, is the surface
conductivity of graphene, and w is angular frequency.
sheet, the

properties can be described in terms of the o, that can

For a graphene electromagnetic

be taken into account inter-band and intra-band

transitions by Kubo model of conductivity®?". The
conductivity o, was derived using

e kB

Ttﬁ(w—|—1/1') [k + 2ln(e &T +1)]—0—

Og =

et ‘ u—h(w+i/0) 2)

drh | 2u+h(w+i/0 |’

where w is radian frequency, % is the reduced Planck
constant, kg is the Boltzman constant, e is the charge
of an electron, T is the temperature, g is the

chemical potential, and ¢ 1is electron-phonon
relaxation time.

The reflection spectra of the structure is shown in
Fig. 2 on transverse electric ( TE) and transverse
magnetic (TM) mode at p=4.4 pm, [,= 1. 19 pm,
s=1.2 pm, w=0.6 pm, =1 =1 pm, 2, =4 pm, z;=
1 nm and [,=2. 9 pm. The reflection peak and valleys
of TE mode are obtained on 5.309 1 THz,
5.115 2 THz and 5. 536 2 THz, respectively. There
are also two reflection valleys and one reflection peak
of TM mode, corresponding to frequencies
5.115 2 THz, 5.536 2 THz and 5.309 1 THz,
respectively. It is obvious from Fig. 2 that the peaks
and valleys of the corresponding reflections on both
TE and TM modes are at the same frequency. The
simulation results show that the reflection of the
structure is insensitive to polarization. It is noting
that the structure is not the symmetry of x and y

axis, so reflection on TE mode is smaller on TM
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mode at the same frequencies.
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Fig. 2 Comparison of reflection spectra of the structure on TE
and TM mode

To explain the result, we calculate the equivalent
impedance. As shown in Fig. 3, the distance from
horizontal graphene to the center of the unit structure
is 1. 2 pm, the width of the graphene strip is 0. 6 pm,
the length of the left graphene strip is 2. 9 pm, the
Si0,. It s
part of

material layer is
that the real
impedance of the structure is smaller at 5. 115 2 THz
and 5.536 2 THz, The reason is that the bottom

plate of the structure is made of gold, the energy

intermediate

demonstrated equivalent

transmitted is completely absorbed by the metal, and
reflected back. The greater the
equivalent impedance at a given frequency, the

no energy is

greater its ability to absorb energy and the lower the
energy reflection.
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Fig.3 Equivalent impedance of the structure

In order to better understand how the structure

achieves polarization insensitivity, the following
analysis is performed. Fig. 4(a) shows the electric
field distribution for the proposed metamaterial. It is
the electric field distribution for the proposed
metamaterial at 5. 115 2 THz, 5. 309 1THz and
5.536 2 THz. On TE mode, it can be observed that
the concentration of power loss distribution for
5.115 2 THz and 5. 309 1 THz are the highest at the

horizontal graphene in the middle of the structure.

However, on TM mode, the distribution of electric
field at frequencies of 5.115 2 THz and 5. 309 THz
The electric
field is mainly distributed at the upper and lower

are different from those on TE mode.

edges of the vertical graphene strip on the left side of
the structure. When the frequency is 5. 536 2 THz,
the distribution of electric field on TE and TM modes
is opposite to those of the above two frequencies. On
TE mode, the electric field is concentrated in the left
The field 1is
concentrated on the middle horizontal graphene strip
on TM mode. In Fig. 4(b), the magnetic-field
pattern indicates that in the case of 5. 309 1 THz and
5. 536 2 THz, the magnetic field is mainly distributed
in the middle of the left vertical graphene and at the

vertical graphene strip. electric

junction of the horizontal graphene and the vertical
strip graphene on the right. On TE mode, as the
frequency increases, the intensity of the magnetic
field decreases at the center of the left vertical
graphene band, but increases gradually at the right
joint of horizontal graphene. The distribution of the
magnetic field on TM mode is different from the
above. The magnetic field decreases on the horizontal
graphene strip and increases on the left vertical
graphene strip.
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Fig. 4 Electric field distribution at reflection peak frequency of
5.309 1 THz and reflection valleys frequencies of 5. 115 2 THz
and 5. 536 2 THz
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2 Results and discussion

To further study the reflection of structure, we
adjust vertical graphene strip of length /4 as follows:
Zd —
respectively, and the other parameters are consistent

2.7 pm, 2.8 pm, 2.9 pm, and 3 pm,
with Figs.2 and 3, namely, p = 4.4 pym, [, =
1.19 pm, s=1.2 pm, w=0.6 pm, 2z =1 pm, 2z, =
4 pm and 23 =0. 01 pm. The results show that there
is one reflectivity peak and two reflectivity valleys at
different /4. It is clearly shown that in TE mode, as
the /4 changes from 2. 7 pm to 3 pm, the reflection
spectra of the TE mode is produces red shift. It can
be seen from Fig. 5 that the reflection valley is a
shifted-red at increasing /;. The reflection of the low
frequency is gradually strengthened and the reflection
of the high frequency is gradually weakened. Similar
results occurres in TM mode, where increasing I,
changes the resonant frequency and reflection. On the
contrary, the reflection of low frequency is larger and

smaller on high frequency.
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Fig. 5 Reflection spectra change in variation of I,

We change the distance of the horizontal graphene
strip to the center of the structure s varied from
0.7 pm to 1. 5 pm, as shown in Fig. 6, and other
parameters in the structure are p=4. 4 pm, [4=2.9
pms [,=1.19 pm and w=0. 6 pm. The results show

that the reflection decreases and the frequency at
reflection peaks is almost unchanged when s is
0.7 pm to 1. 5 pm, respectively. It can be seen that
the change of reflection peaks and reflection valleys of
the reflection spectrum is small in frequency range no
matter how s changes. The symmetry of the structure
can be broken as long as the strip graphene is not in
the center. EIR effect can be found at s being not
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Fig. 6 Change of reflectance spectra with changed s

The reflection spectrum of the structure is studied
by changing the width of the graphene strip w and
other parameters in the structure are p=4. 4 pm, [,
=2.885 pm, [,=1.19 pm and s=1. 2 pm. It can be
seen that the reflection peaks and troughs of the
reflection spectrum occur red shift in Fig. 7.
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Fig. 7 Change with reflection spectra of different w

In addition, no matter in the TE mode or TM
mode, it can be clearly seen that the resonance
frequency decreases with the decrease of the width w
of the graphene band. On the contrary, the reflection
value increases under the same condition. It is worth
nothing that the EIR effect is very weak at w =
0.2 pm on TE mode and TM mode. When w =
0.1 pm, the EIR phenomenon on TE mode basically
disappears. The EIR
obtained by the coupling of two graphene stripes.

effect of the structure is

The smaller the length of w of the coupling between
And the EIR

the two graphene strips weak.
phenomenon disappears.

Next, we study the EIR of the structure by
changing the incident angle, and plot the reflection
spectra of different angle, as shown in Fig. 8.
Assuming that angle changes from 0 ° to 75 °, we can
see that changing the angle do not shift the reflected
peaks and the corresponding frequencies. However,
it can be seen that the variation of the incident angle
results in the decrease of the reflection value of the
peaks in TE mode. As the angle of incidence
gradually increases, the shift of smaller trough
reflection occurs in TE and TM modes. As the angle
increases, the component becomes smaller in z-axis

direction.
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Fig. 8 Change with reflection spectra of different 6, from 0 ° to
75 °

Finally, we use Si;N, instead of SiO, as the
dielectric material. The reflection spectrum of SizN,
is shown in Fig. 9. Compared with SiO,, there are
also two reflection valleys and one reflection peak,
THz,
Therefore, it is

corresponding to frequencies 4. 888 1
5.303 6 THz and 5. 087 5 THz.
obvious from Fig. 9 that the peaks and valleys of the
corresponding reflections on both TE and TM modes
are at the same frequency. The results show that the
structure is insensitive to polarization. Changing the
material of SisN, and SiO, has no obvious effect on
reflection. However, the frequency of reflection peak
shows a blue shift with Si;Nj.
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Fig.9 Comparison with reflection spectra of the structure with
different dielectric layer, with media of SiO, and Si; N,

3 Conclusions

In summary, a polarization insensitive metamaterial
of graphene has been designed. The reflection
properties of the metamaterials are observed at
different widths and lengths of graphene strips. We
change the incident angle to discuss the influence of
the electric field distribution of graphene strip. The
results show that the three-layer structure can
achieve polarization insensitivity and EIR on large

incident angle. We study the effect of different



WANG Jin, et al. / Polarization insensitivity electromagnetically induced reflection in graphene metasurface 367

materials on structural polarization insensitivity. It
can be concluded that the graphene metamaterial
structure is not sensitive to polarization of the
incident electromagnetic wave. In order to understand
the physical reasons for the insensitivity of this
studied the
distribution of electric and magnetic fields at special

structure to polarization, we have
valuable in

filter and

frequencies. The results can be

applications on optical communication,
terahertz devices.
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